Introduction
Olefin hydroformylation (Oxo synthesis) is one of the most important industrial processes that employ transition metal catalysts in solution. The worldwide production of ''Oxo'' intermediates exceeds 6 million tons per year [1] . Although hydroformylation is mostly directed towards the transformation of simple olefins, in recent years this reaction has gathered importance in organic synthesis [2] . The most active catalysts are hydrido carbonyl complexes of cobalt and rhodium containing or not other ancillary ligands. For the applications in fine chemistry, rhodium catalysts are preferred in spite of their higher price, since they provide higher activity, better selectivity and usually require milder reaction conditions in comparison to the cobalt catalysts [3] .
The hydroformylation of substrates containing disubstituted or endocyclic double bonds in an encumbered environment is troublesome, mostly because of steric reasons. The hydroformylation of such kind of substrates usually requires harsh reaction conditions for most of the catalysts [4] . Remarkable exceptions are rhodium(I) catalysts containing bulky phosphites, such as tris(o-tbutylphenyl)phosphite, P(O-ot BuC 6 H 4 ) 3 [5] . The large cone angle of this phosphite prevents the coordination of a second ligand to the metal centre, even when a large excess of phosphite is used. As a consequence, the overall steric hindrance around the rhodium centers is low compared to the ones containing two ligands, although the ligands may be individually less encumbered. Furthermore, this ligand has a weak s-basicity combined with a strong p-acidity, which favours the CO dissociation and alkene coordination [6] . The Rh/tris(o-t-butylphenyl)phosphite catalytic system is used in the industrial hydroformylation of 3-methylbut-3-en-1-ol [7] . Applications in the hydroformylation of other sterically hindered alkenes, such as cyclic ethers [8] , glucal derivatives [9] , fatty acids [10] , terpenes [11] and steroids [12] have also been reported.
Kauranes are diterpenes with a rigid tetracyclic skeleton and are precursors of giberilines, a family of plant growth hormones. Kaurenic and grandiflorenic acids, 1 and 2, respectively in Scheme 1, both containing a disubstituted double bond, are typical examples of this class of compounds. The concentration of kauranes is low in most plant species. Nevertheless, some plants of Espeletiinae family, such as ''frailejón'', a resinous plant native to the highlands ( páramos) of Venezuela and Colombia, contain a fair amount of both acids. Some species such as Espeletia semiglobulata Cuatrec present a high content of kaurenic acid 1 and kaurenol 2 [13] ; while other, such as Espeletia schultzii Wedd, contain relatively high amounts of grandiflorenic acid 3 and lower concentrations of kaurenic acid [14] .
Kaurenic acid is known to show an interesting biological activity, including anti-microbial, citotoxic, anti-inflammatory, and biocide properties [15] . One of its most interesting properties is the moderate in vitro activity against various lines of carcinogenic cells [16] . It has been reported that some kaurenic acid derivatives present a higher biological activity or a lesser toxic effect than the natural diterpene. For instance, the C16 oxime derivative shows an enhanced trypanocidal activity with respect to the natural diterpene, while the derivative produced via the substitution of the acid at C1 by the N-pyrrolidinylmethyl group shows a similar trypanocidal activity, but a reduced lytic activity on blood erythrocytes in comparison to the unmodified terpene [17] . More recently, it has been demonstrated that the dihydroxylation at the double bond of kaurenic acid enhances its inhibitory activity against a-glucosidase [18] . Therefore, the functionalization of the exocyclic double bond of these terpenes through hydroformylation is a relevant way of modifying their basic structures with the generation of new aldehydes. These aldehydes may be easily converted into other functional groups by classical organic reactions, which would open the possibility for the synthesis of a plethora of new derivatives.
We report herein the study of the rhodium-catalyzed hydroformylation of the methyl esters of kaurenic and grandiflorenic acids (1a and 3a, respectively), as well as the trimethylsilylether of kaurenol 2a (Scheme 1).
Experimental

Materials
Kaurenic acid and kaurenol were extracted from the aerial parts of Espeletia semiglobulata as described by Visbal et al. [19] and Bautista et al. [20] , respectively. A mixture of grandiflorenic and kaurenic acids (77/23) was obtained from Espeletia schultzii as described by Ibañ ez [21] . The evaporated methanol and acetone extracts were purified by preparative column chromatography (silica, 70-230 mesh) and preparative TLC chromatography (silica, HF 254). The diterpenes were characterized by 1 H and 13 C NMR spectroscopy and GC-MS [19] [20] [21] . Tris(o-t-butylphenyl)phosphite was synthesized by a published method [5] . Toluene used in the catalytic experiments was purified by reflux over sodium lumps/ benzophenone for 8 h and then distilled under argon. 
Synthesis of trimethylsilylkaurenol ether 2a
Under inert atmosphere, trimethylchlorosilane (150 mL, 1.18 mmol) was added via syringe to a solution of kaurenol (288 mg, 1.00 mmol) and 1,4-diazobicyclo[2,2,2]octane (DBO) (318 mg, 2.83 mmol) in toluene (10 mL), with concomitant formation of white precipitate. In order to accomplish the reaction, after 2 h, an additional 60% of trimethylchlorosilane (90 mL, 0.71 mmol) was added. The reaction was monitored by TLC until complete consumption of kaurenol was observed. Then, the ammonium salt was filtered and the filtrate was concentrated to produce trimethylsilylkaurenol ether as a solid (354 mg, 98% yield). 
Catalytic experiments
The catalyst [Rh(acac)(CO) 2 ] (2.8 Â 10 À3 mM) with or without the desired P-donor ligand were placed in a glass-lined stainless steal autoclave, which was closed and purged with three cycles of vacuum and a CO/H 2 equimolar mixture. Then, toluene (4 mL) was cannuled under vacuum and the autoclave was pressurized to 40 bar with an CO/H 2 equimolar mixture and heated at 100 8C for 45 min. After this time, the autoclave was cooled and slowly depressurized. A solution of the desired substrate (0.14 mmol in 4 mL of toluene) was added via cannula into the autoclave which was pressurized again to 20 bar with an CO/H 2 equimolar mixture and then heated at 100 8C. Aliquots were taken periodically through a valve dip tube and analyzed by GC (HP 5890 instrument fitted with a HP5 capillary column and a FID detector) for controlling experiments. For preparative experiments, the catalytic reaction was stopped after 20 h, and the aldehydes were isolated by preparative column chromatography (silica, dichloromethane) and analyzed by GC-MS (GC-MS was carried out on HP-5973 mass selective detector apparatus, equipped with capillary HP5 columns) and 1 H and 13 C NMR (Bruker 300 and 500 MHz instruments). Assignments of the structure were made by 2D gCOSY and NOESY experiments for 1 H and 2D gHSQC and gHMBC experiments for 13 C (long-range C/H coupling constants optimized for 7 Hz) and are presented below.
Aldehydes characterization
Aldehydes 1c and 1d: The purified mixture of aldehydes was isolated as a solid (28.7 mg, 65% yield) from the hydroformylation of 1a, by using Rh/P(O-o- Tables 1 and 2 .
Results and discussion
The hydroformylation of substrates 1a, 2a and 3a was investigated with three different catalytic systems: the unmodified Rh catalyst (Rh/CO), the Rh modified with tris(o-t-butylphenyl)-phosphite (Rh/P(O-ot BuC 6 H 4 ) 3 ), and the Rh modified with triphenylphosphine (Rh/PPh 3 ). [Rh(acac)(CO) 2 ] was always used as the catalyst precursor in a molar ratio substrate/Rh = 50. For the two modified catalytic systems, a molar ratio P-donor/Rh = 15 was employed in order to ensure that a unique sterical hindered catalytic active species (RhH(CO) 2 
BuC 6 H 4 ) 3 and RhH(CO)(PPh 3 ) 2 , respectively) is formed [2] .
For the hydroformylation of methyl kaurenate 1a, the three catalytic systems yielded the diasteroisomeric aldehydes 1c and 1d and the isomerization product 1b. Analogously, trimethylsylilkaurenol ether 2a produced the aldehydes 2c and 2d, as well as the isomerization product 2b (Scheme 2). Only small amounts (<2%) of the alkene hydrogenation products were detected in all cases. Very minor amounts, if any at all, of other aldehydes were observed by GC. Therefore, for both substrates the reaction is highly regioselective for the formation of the linear aldehydes under the conditions employed.
The aldehydes 1c and 1d were identified by their molecular ions (m/z = 346) in the mass spectra, as well as by the characteristic aldehydic protons in the 1 Tables 1 and 2 . The stereochemistry of the major aldehydes 1c and 2c was determined by NOESY 2D NMR. Strong correlations were observed between the CHO group and H13 and H16, as well as the expected one with a-carbonyl methylenic protons. These allowed corroborating the previously assigned signals for H13 and H16. The crucial correlation to determine the configuration of 1c and 2c was the one between H13 and H16. This is consistent with a cis arrangement for these protons as shown in Scheme 3.
The stereochemistry of the major aldehydes 1c and 2c indicates that the substrate coordination to the rhodium hydride species takes place preferentially through the less hindered face of the double bond. The stiff four ring fused systems of the substrates 1a and 2a lead to structures with a deep energy conformational minimum. The rigidity of these structures is even higher in the double bond domain, because of the reduced conformational mobility of the five-membered fused ring. Furthermore, the topologies on double bond domains are very similar for both substrates. Because of the rigidity of these substrates, the formation of the two linear alkyl intermediates should be mainly controlled by the steric hindrance of the two diastereotopic faces of the double bond (i.e. the transition states leading to the alkyl intermediates are substrate-like). This is illustrated in Scheme 4, which shows that the approach of the catalyst through the top face of the double bond is hindered by the axial H11, which is perpendicular with respect to the plane containing the sp 2 orbitals of the double bond, while the approach through the bottom face is less encumbered. Therefore, the configuration of the major aldehydes 1c and 2c can be rationalized through the difference between the steric accessibility of the two faces of the double bond. The specific stereochemical outcome of each catalytic reaction will depend on the small differences of each substrate in the accessibility of the diasterotopic faces, as well as on the steric hindrance of the catalyst [22] . A third factor that must be taken into account, although its influence in the diasteroselectivity is not straightforward, is the belimination in the alkyl intermediates formed by the insertion of the alkene into the metal-hydride bond [23] . For the linear metalalkyl intermediates the only possible product of the b-elimination is the substract itself, giving rise to an unproductive catalytic cycle. Nevertheless, the rates of b-elimination may be different for the different diasteroisomeric metal-alkyl intermediates and this will influence the stereochemical outcome for the aldehydes (due to the withdrawal of the common intermediate for b-elimination and hydroformylation) in a way not predictable by the steric The remainedarguments presented above [24] . The last factor is probably not relevant for the systems with low tendency to produce belimination (e.g. Rh/PPh 3 ), but may play a decisive role for unmodified or phosphite-modified catalytic systems, in which the b-elimination is relevant [25] [26] [27] . Again, in the case of the methyl grandiflorenate 3a, regardless of the catalyst used, the three main reaction products were the aldehydes 3c and 3d and the isomerization product 3b (Scheme 5). The hydrogenation product was detected only in small amounts (<2%) in some reactions. Therefore, the hydroformylation of 3a is regiospecific for the exocyclic double bond and, furthermore, only linear aldehydes are formed, as in the case of 1a and 2b.
The aldehydes 3c and 3d were identified by their molecular ions (m/z = 344) in the mass spectra, as well as by the characteristic aldehydic protons in the 1 H NMR spectrum obtained from a mixture of 3c/3d that showed a triplet ( 3 J = 1.8 Hz) at d 9.78 ppm for the major aldehyde 3c, and a second triplet ( 3 J = 1.9 Hz) at d 9.73 ppm for the minor aldehyde 3d. The pattern of the two signals indicates that these aldehydes arose exclusively from the antiMarkovnikov addition of the hydrogen and formyl group to the exocyclic double bond. This was further corroborated by the chemical shifts of the remainder olefinic carbons, C9 and C11, in the 13 C NMR spectrum of the aldehydes that were nearly identical to those of the substrate. Since in this case a complete separation of the GC peaks of the reaction products was not attained, the diasteroroselectivity of the reaction was calculated from the integration of the proton signals of the two aldehydes ( Table 3 ). The stereochemistry of 3c, the major aldehyde resulted from the hydroformylation of methyl grandiflorenate 3a, was also determined by a NOESY analysis. This showed a strong correlation peak between H13 and H16 indicating again a cis disposition for these two protons (Scheme 3). The result reveals that, also in this case, the syn hydrogen and formyl addition takes place through the less hindered face of the disubstituted double bond. In steric terms, the situation of this double bond is similar to those of kaurene derivatives 1a and 2a (Scheme 4). The main difference is that for 3a the top access to the double bond is hindered by the p cloud of the endocyclic double bond, instead of the axial H11 already described in the case of 1a and 2a.
The three catalytic systems used for the hydroformylation of substrates 1a, 2a and 3a, working under the same reaction conditions (2% mol Rh, 20 bar of syn-gas and 100 8C), showed important differences both in activity and selectivity (chemo and diastero) for the three substrates. The results of the catalytic runs are collected in Table 3 and the product evolution as a function of time is presented in Fig. 1 , for the hydroformylation of 1a, in Fig. 2 for the hydroformylation of 2a and in Fig. 3 for the hydroformylation of 3a.
For substrate 1a, after 2 h, the three catalytic systems showed conversions ranging between 64 and 82%. However, in the absence of a phosphorous ligand (Rh/CO), a great amount of the isomerization product 1b was formed, since at the first stage of the reaction the isomerization of the alkene was faster than the hydroformylation. The absence of other aldehydes indicated that the trisubstituted endocyclic double bond of the isomerised product was not hydroformylated under the reactions conditions investigated. As 1a was consumed by the hydroformylation, the isomerization equilibrium 1a/1b was driven to the substrate and the overall yield for the aldehydes increased with time. It is well documented in the literature [2] that alkyl and aryl phosphines favour the hydroformylation of the substrate over its isomerization. Indeed, with the PPh 3 -modified catalyst, the isomerization product is formed in significantly lower amounts as compared to the unmodified system. The P(O-ot BuC 6 H 4 ) 3 -modified catalyst showed an intermediate behaviour between the two other systems.
These behaviours can be better visualized on Fig. 1 in which the evolution of the reagents and products as a function of the reaction time is shown for the hydroformylation of 1a. Observing the slope of substrate consumption in Fig. 1 during the first half hour of reaction, it is possible to conclude that the initial reaction rates increase in the order: Rh/PPh 3 < Rh/CO < Rh/P(O-ot BuC 6 H 4 ) 3 . After 20 h, all catalysts converted more than 80% of 1a; however, Rh/P(O-ot BuC 6 H 4 ) 3 and Rh/PPh 3 presented a good chemoselectivity of ca. 90% for aldehydes, whereas Rh/CO gave only 71% Table 3 .
The best diasteroselectivity for 1c was achieved with the unmodified catalyst Rh/CO (1c/1d = 81/19). Since this catalytic species contains only small ligands (CO and H), it is sterically less hindered than in the other systems that contain more voluminous phosphorous ligands [28, 29] . Therefore, the better performance of the unmodified system cannot be rationalized on steric grounds. The result suggests that the higher steric discrimination achieved with this system arises from a higher rate of b-elimination in the alkyl intermediate which leads to 1d as compared to the one that leads to the major aldehyde 1c. This would be consistent with the fact that the lowest diastereoselectivity (66/34) is obtained with Rh/PPh 3 , the catalyst that has produced less amount of the alkene isomer, which indicates that this is the catalyst less prone to produce b-elimination.
Substrate 2a behaves similarly to 1a with the three catalysts studied, as shown in Table 3 and Fig. 2 . Nevertheless, better conversions and chemoselectivities for aldehydes were achieved after 20 h reaction. Rh/PPh 3 and Rh/P(O-ot BuC 6 H 4 ) 3 catalysts produced more than 90% conversion, with the chemoselectivity for aldehydes being higher than 95%. Again the best diasteroselectivity (2c/2d = 74/26) was achieved with Rh/CO, although this catalyst showed lower production of aldehydes (85%) than the P-donor modified systems. For the study of the hydroformylation of methyl grandiflorenate 3a, Fig. 3 , a mixture of this ester and methyl kaurenate 1a (77/23) was used. This was obtained from the methylation of a natural mixture of the corresponding acids with the same composition. for substrate 2a and 3c/3d for substrate 3a, after 20 h. Fig. 1 . Evolution of the hydroformylation of methyl kaurenate 1a during the first 2 h reaction.
Since the hydroformaylation products of 1a were already characterized, the analysis of the reaction mixtures of the hydroformylation of the methyl grandiflorenate was not troublesome. The hydroformylation of 3a showed the best conversions and chemoselectivities among the three substrates. A nearly complete conversion was attained with Rh/PPh 3 , and the three catalysts achieved chemoselectivities !98% for aldehydes at the end of the reaction (20 h). It should be noted that the unmodified system produced a significant amount of the alkene isomer 3b (34% of the alkene 3a was converted into 3b after 2 h reaction), though, unlike the other two substrates, this isomer was almost completely converted into the aldehydes 3c and 3d via the reverse isomerization to 3a. The endocyclic double bond introduces a greater ring strain in the substrate 3a, which is partially released by the change in hybridization from sp 2 to sp 3 of the C16 that occurs during the insertion of the alkene in the metal-hydride bond. This may give an extra driving force that could account for the higher reactivity of 3a.
The diasteroselectivities produced by the three catalysts for the substrate 3a are more closed to each other than in the case of 1a or 2a, and, again, the best stereoselectivity (77/23) was achieved by the unmodified catalyst. The similarity among Fig. 2 . Evolution of the hydroformylation of trimethylsilylkaurenol ether 2a during the first 2 h reaction. Fig. 3 . Evolution of the hydroformylation of methyl grandiflorenate 3a during the first 2 h reaction. the stereoselectivities of the three catalysts in the case of 3a could be related with the lower tendency of metal-alkyl intermediate to produce b-elimination, as the latter would enhance the ring strain by changing the hybridization of C16 carbon from sp 3 to sp 2 . In this case, the stereochemical output of the aldehydes would be primarily controlled by the differences in the steric hindrance of the two diasterofacial faces of the substrate.
Conclusions
The rhodium-catalyzed hydroformylation of the kaurane derivatives 1a, 2a, and 3a was achieved with high yields and selectivities under relatively mild reaction conditions. For all the catalytic systems employed, the hydroformylation was highly regioselective, giving a pair of diastereoisomeric linear aldehydes resulted from the introduction of CO/H 2 in the exocyclic double bond. The isomerization competition increased in the order: PPh 3 -modified system < P(ot BuC 6 H 4 ) 3 -modified system -< unmodified system. The isomerization products were not hydroformylated under the conditions employed and, as the substrate was consumed by the hydroformylation, the equilibrium substrate/isomer was driven to the reagent and the overall yield for the aldehydes increased with time. The diastereoselectivity is predominately controlled by the differences in the steric hindrance of the diastereotopic faces of the exocyclic double-bound and the major diastereoisomer is formed through the coordination of the olefin to the catalyst through its less hindered face. Nevertheless, the fact that the most diastereoselective catalyst is the least hindered one (unmodified system) indicates that other considerations have to be taken into account. There is a correlation between the higher diastereoselectivity and the ability of the catalytic system to promote the isomerization of the substrate. Based on this, we propose that the increased diastereoselectivity shown by the unmodified and phosphite-modified systems is due to a faster belimination of the metal-alkyl intermediate which leads to the minor aldehyde as compared to the one which leads to the major aldehyde. The in vitro activity against lines of carcinogenic cells of the new kaurane aldehydes and some derivatives are currently underway.
